Anacystis nidmlans cells grown under high (3%) CO2 pardal pressure have greater phycocyanin to chlorophyll ratio (Phc/Chl) relative to cells grown under low (0.2%) CO2 tension (Eley (1971) In the cyanobacterium Anacystis nidulans, the photosynthetic pigment ratio has been found to be altered, often in an extreme manner, by different growth conditions. The ratio of phycocyanin to Chl (Phc2/Chl) is affected by light intensity (11), light quality (21, 22), CO2 concentration (6), N2 limitation (1, 26), and mutations (27, 28 
In the cyanobacterium Anacystis nidulans, the photosynthetic pigment ratio has been found to be altered, often in an extreme manner, by different growth conditions. The ratio of phycocyanin to Chl (Phc2/Chl) is affected by light intensity (11) , light quality (21, 22) , CO2 concentration (6), N2 limitation (1, 26) , and mutations (27, 28) . Some of these variations in relative pigment content have been shown to correspond to changes in the stoichiometry of PSII and PSI complexes (11, 22) , while others have been attributed to a decrease in the size of the phycobilisome (26, 27) . Myers et al. (22) grew A. nidulans under gold light (absorbed by both Phc and Chl) or under far-red light which is absorbed only by Chl. The result of this treatment was a shift in the PSII/PSI reaction center ratio (RCII/RCI) from ' This work was supported by a United States Department of Agriculture Competitive Research Grant.
2Abbreviations: Phc, phycocyanin; DBMIB, 2,5-dibromo-3-methyl-6-isoprovinylpyrrolidone; MV, methyl viologen; Q, primary electron acceptor of PSII; P700, reaction center of PSI; RCII, reaction center II; RCI, reaction center I. 0.48 in gold light to 0.91 in the far red, suggesting a dynamic response of the photosynthetic apparatus of A. nidulans to the quality of light during growth. The response might be thought of as a relative PSII reaction center increase under far-red illumination, a physiological adjustment for the lower flux ofexcitation delivered to PSII under far-red light conditions.
The concentration of the photosynthetic substrate CO2 during growth also was shown to have a significant effect on the relative pigment content in A. nidulans. Eley (6) found that in CO2-starved cells the Phc content was significantly reduced relative to Chl, so that a Phc/Chl ratio of 0.64 in 1% CO2 was lowered to 0.34 in air-grown cells. It is not known whether such changes reflect variable phycobilisome and/or Chl pigment content per reaction center or whether they represent a CO2 effect on the relative ratios of PSII and PSI reaction centers, without altering the Phc content of each phycobilisome or the Chl content of each Chl-protein complex. In the experiments reported here, we attempted to distinguish between the two alternatives. We determined the RCII/RCI ratio in cells grown under high and low CO2 concentration. Furthermore, we employed kinetic analysis of PSII and PSI photoactivity in order to determine the relative absorption cross sections of the phycobilisome and Chl pigment beds. Our results support the notion of CO2 modulation of the PSII/PSI reaction center ratio such that the relative amount of PSI reaction centers increases at low CO2 concentrations. This change, however, did not affect the antenna cross sections of individual phycobilisomes and Chl pigment beds. Nor did it change the low sensitivity of PSI reaction centers to phycobilisome excitation which is an indication that the phycobilisomes are associated with PSII only. Greater relative numbers of PSI reaction centers may facilitate enhanced cyclic photophosphorylation for the active uptake of CO2 at low CO2 concentrations in the growth medium.
MATERIALS AND METHODS
Anacystis nidulans cells were grown autotrophically in the medium and conditions described by Arnon et al. (3) . The cells were grown in an atmosphere of high (3%) C02 or low (0.2%) CO2 in N2, bubbled into the growth culture. Cells at the late log growth phase were harvested and used for the various experiments within 2 h. Absorption spectra were routinely recorded with a DW-2 spectrophotometer on samples from each harvest of cells.
Photosynthetic membranes of A. nidulans were isolated by resuspending the harvested cells in Tris buffer (50 mM Tris, 5 mM MgC92, 10 mm NaCl, pH 7.8), and sonicating for 2 min under dim light at 0°C. Unbroken cells were removed from the sonication homogenate by centrifugation at 10,000g for 10 min. The supernatant was then centrifuged at 40,000g for 60 min.
The precipitated membranes were resuspended in the same Tris buffer and kept in complete darkness at 0°C for quantification ofQ and P700 and for kinetic measurements. Chl concentrations were determined in 80% acetone or methanol according to Arnon (2) . Phc/Chl ratios were determined from the absorption spectra of intact cells using the equations of Myers et al. (21) . The concentrations of Q (PSII) and P700 (PSI) were measured by sensitive absorbance difference spectrophotometry in the ultraviolet (AA320) and red (AA700) regions of the spectrum as previously described (14, 15) .
Kinetics of fluorescence induction and of P700 photooxidation were measured with an apparatus previously described (17) The relative PSII and PSI sensitivity to phycobilisome excitation was tested in whole cells by comparing the kinetics of P700 photooxidation with those of Q photoreduction, induced by continuous red actinic illumination (Xmax = 620 nm) of limiting intensity. The relative size of the light-harvesting Chl pigment bed associated with PSI was determined in high CO2 and low CO2 grown cells by comparing the P700 photooxidation kinetics under continuous broad band blue (Xma-= 430 nm) excitation.
RESULTS
Typical absorption spectra of cells grown in high (3%) and in low (0.2%) CO2 are presented in Figure 1 . The absorption peak ratios A625/A678 were 1.08 ± 0.05 and 0.88 ± 0.03, respectively, and they are in agreement with those presented by Eley (6) this pigment ratio could be explained by a change in the size of individual phycobilisomes versus that of individual Chl pigment beds. Alternatively, the differential pigment content could be due to a change in the relative concentration of PSII and PSI complexes (reaction center plus light-harvesting antenna). In this latter case, one would assume that Phc and Chl are not evenly distributed in the light-harvesting pigment bed of PSII and PSI complexes. We investigated the merit of each alternative separately.
We tested the stoichiometric ratios of PSII and PSI reaction centers in cells from the two cultures, spectrophotometrically from the amplitude of the light-induced absorbance changes at 320 nm (Q) and at 700 nm (P700). A comparison of the relative Chl/P700 and Chl/Q ratios in the two cultures of A. nidullans is shown in Table I . The ratio of Chl/P700 appeared to be largely invariant under the two growth conditions. However, the Chl/Q ratios differed significantly in samples from the two cultures. We consistently measured a greater PSII content (lower Chl/Q ratios) in cells grown under high CO2. This suggested a differential effect of CO2 on the PSII/PSI (Q/P700) reaction center ratio.
Unlike higher plant chloroplasts and green algae in which the PSII/PSI reaction center ratio is greater than unity ( 15, 18, 23) , cyanobacteria show PSII/PSI reaction center ratios ranging between 0.2 and 0.9 (11, 15, 22) . In agreement, Table I Table I shows that a transition from 0.2 to 3% CO2 in the growth medium caused a 66% increase in the PSII/PSI reaction center ratio and a 26% increase in the Phc/Chl ratio. The apparent quantitative discrepancy among the above two ratios is explained by assuming a structural-functional organization in blue-green algae whereby 15% of the total Chl a and the entire phycobilisome are stoichiometrically associated with PSII only (19, 25) . With such a configuration, changes in the PSII/ PSI reaction center ratio and Phc/Chl ratio would occur in the same direction but will be of different magnitude.
We sought to investigate the merit of the assumption that Phc is predominantly associated with PSII in a quantitative approach and, at the same time, to measure the relative absorption cross sections of the phycobilisome and of the Chl pigment beds in cells from the two cultures.
A measure of the relative absorption cross section of the phycobilisome was obtained from measurements of the rate of light absorption by PSII and PSI reaction centers in vivo, under actinic excitation at 620 nm (mainly a phycobilisome excitation). The rate of light absorption by PSII was monitored from the fluorescence induction kinetics in the presence of DCMU, while the rate of light absorption by PSI was calculated, for the same experimental conditions, from the kinetics of P700 photooxidation. Figure 2A shows two representative fluorescence induction kinetic traces of A. nidulans cells grown under 3% CO2 (solid line) and under 0.2% CO2 (dashed line). A direct measure of the rate of light absorption by PSII in each case was obtained from semilogarithmic plots of the kinetic phenomena (Fig. 2B) . It is observed that both phenomena are single first order monophasic Figure 3 shows the P700 photooxidation kinetics ofA. nidulans cells suspended in the presence of 20 uM DCMU, 50 Mm DBMIB, and 200 Mm MV. It is observed that, upon onset of the actinic illumination, there is a first order (exponential) absorbance decrease which is readily reversed in the dark. We have determined that electrons for the dark restoration of P700+ originate from respiratory substrate in A. nidulans via the common photosynthetic and respiratory electron transport chain (7, 24) . In this respect, DBMIB served to retard the rate of such respiratory electron flow from the Rieske Fe-S center to P700 (13) . Therefore, the exponential absorption decrease at 700 nm shown in Figure 3 is a combination of the P700 photooxidation and of the reverse reaction in the dark Figure 3A is a function of both K, and KD. The precise relationship is defined from the solution of the rate equation for P700 photooxidation which is formulated as follows (29):
The solution of the differential equation (2) yields the following equation for the time course of P700+ accumulation:
[P7004] = K (1 -e-(K, + KD)I) K, + KD (3) where the exponent (K, + KD) represents the apparent rate constant KL for the overall reaction:
On the-basis of the kinetic analysis presented above, and from the semilogarithmic plots of the experimental kinetic data presented in Figure 3 , we determine separately the value of the rate r constants KL and KD for A. nidulans cells grown under the two different CO2 concentrations (see Fig. 3B ). Thereafter, we calculated the respective value of the rate constants K,, which is a direct measure of the number of photons arriving at PSI reaction centers under the above (620 nm excitation) experimental conditions. The estimated K, values (in the range of 1.2 to 1.6 s-') for cells grown under high and low CO2 are given in Table II . They give a measure of the relative absorption cross section of PSI for excitation energy at 620 nm. In this respect, the rate constant K,l (K,l = 33 s-') derived from the analysis of the fluorescence induction kinetics is 20 to 25 times greater than K,, suggesting that only about 4 to 5% of all excitation at 620 nm is delivered to PSI. Since most light at 620 nm is absorbed by the phycobilisome, it may be concluded that phycocyanin excitation sensitized PSII exclusively. The 4 to 5% of absorbed excitation that arrives at PSI reaction centers could be explained as light absorbed by Chl. It is known that most of the Chl pigment bed in blue-green algae is associated with PSI (19, 22) . The above considerations and conclusions apply equally to cells grown under high (3%) and low (0.2%) CO2. It is suggested that CO2 concentration differences during cell growth have not affected the size of the phycobilisome which must be exclusively associated with PSII reaction center complexes (see "Discussion").
We compared the relative absorption cross section of the Chl pigment bed associated with PSI by measuring the rate of P700 photooxidation in isolated photosynthetic membranes from cells grown under high and low CO2. Isolated photosynthetic membranes from blue-green algae do not retain the phycobilisome. Thus, excitation by blue light sensitizes Chl a without the complications arising from simultaneous Phc excitation. Figure 4 shows the P700 photooxidation kinetics of membranes from high and low CO2 cells. From the kinetic analysis of these data (Fig. 5) , we determined the respective value of the rate constants K, at 430 nm excitation. Table II shows that the effective absorption cross sections of the Chl pigment beds in the high and low CO2 cultures are relatively equal. Thus, the rate ofP700 oxidation by light absorbed primarily by Chl appears to be the same in both cultures. On this basis, we postulate that CO2 concentration variations in the cell growth medium does not affect the PSI antenna size in A. nidulans.
DISCUSSION
The photochemical apparatus of cyanobacteria (A. nidulans) responds to the inorganic CO2 substrate, a phenomenon manifested as a CO2 concentration dependence of the Phc/Chl ratio (6) . In cells grown in an atmosphere of high (3%) CO2 there is more Phc relative to Chl, while under low (0.2%) CO2 conditions the ratio of Phc/Chl decreases (6; see also Fig. 1 ). The purpose of the experimentation undertaken in this work was to elucidate the mechanism of such adaptation. We have shown that the underlying reason for the C02-mediated shift in the ratio of Phc to Chl is a change in the stoichiometric ratio of PSII/PSI reaction centers (Table I) . When A. nidulans cells are grown under 3% C02, the Phc/Chl molar ratio was 0.48 and the PSII/PSI reaction center ratio was 0.40. At low (0.2%) CO2 tensions the Phc/Chl ratio was lowered to 0.38. The PSIInPSI reaction center ratio was lowered to 0.24 (Table I ). There appears to be a direct cause and effect relationship among these parameters.
We have further determined that more than 95%, and perhaps all, of the Phc excitation sensitizes PSII only (Figs. 2 and 3 ). Under our experimental conditions, excitation from Phc is not delivered to PSI reaction centers. Hence, we propose that phycobilisomes are exclusively associated with PSII only, and as such they may serve as microscopic markers of PSII in the photosynthetic membrane ofcyanobacteria. In the presence ofthe electron transport inhibitor DCMU, excitation of intact cells at 620 nm induced single exponential PSII photoactivity kinetics (Fig. 3) . The single exponential function of time suggests the exclusive structural and functional association of one phycobilisome to one P5II reaction center complex. The exponential photoactivity kinetics exclude an organization of more than one PSII reaction centers competing for excitation from the same phycobilisome since such an arrangement would have resulted in sigmoidal induction kinetics, comparable to those observed in higher plants (16) . A similar conclusion was reached earlier by Mimuro and Fujita (20) from the analysis of 02 evolution rate versus 02 flash yield measurments. Recently, Kursar and Alberte (12) have reported a RCII/phycobilisome ratio of 1.7 in A. nidulans. Their result would suggest the presence of a sizeable portion of RCIIs not corresponding to a phycobilisome, an idea already proposed by Diner (5) .
Our kinetic measurements on the absorption cross section of the pigment beds ofChl and Phc revealed that CO2 concentration variations during cell growth do not affect the individual phycobilisome and Chl-protein complexes. A similar conclusion has been reached earlier by Myers et al. (22) who reported constant Chl I/PSI = 118 and Chl II/PSII = 52 for A. nidulans grown under different quality of illumination.
The lowered PSII/PSI reaction center ratio observed in cells grown under low CO2 could be interpreted as a response of the photochemical apparatus to an increased need for ATP generation through cyclic photophosphorylation. Recently, experiments with cyanobacteria grown under different CO2 concentrations have shown that these cells possess a HCO-3 transporting mechanism in the plasma membrane (4, 8, 10) . The HCO-3 transport activity was much greater in the cells adapted to low CO2 conditions, so that the rate of HCO03 active transport is much faster than in the high C02-grown cells. As this mechanism concentrates HCO03 within the cell against the electrochemical potential gradient at the expense of ATP (9), the energy requirement for low C02-grown cells would be much higher. The HCO03 accumulation within the cell is directly dependent on light energy (4), suggesting that light-generated ATP is required in the HCO 3 active transport. Thus, increased relative amounts of PSI in low C02-grown cells may facilitate the generation of extra ATP via cyclic photophosphorylation.
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